Ni-based alloy Friction stir welding X-ray diffraction Residual stress Microstructure a b s t r a c t Alloy 625 (UNS N06625) welded sheets were evaluated in the present study. Friction stir welding (FSW) was performed in a range of tool rotational speed from 1200 to 200 rpm, welding speed from 1.0 to 1.5 mm/s and constant axial force. Residual stress states were investigated by X-ray diffraction (XRD). Besides, microstructural features were analyzed by optical microscopy (OM), and scanning electron microscopy (SEM). The FSW application was effective in the Ni-based alloy, promoting different levels of grain refinement, microstructural characteristics, and enhanced microhardness. Results also showed that distinct process parameters led to changes in the joints and distinguishable residual stress distributions.
Introduction
New challenges of the petroleum industry include exploitation of deep-water wells and increasingly harsh environments, (UNS N06625) [2] , commonly known as Inconel 625 ® , which is an austenitic non-magnetic alloy primarily strengthened by a solid solution. Alloy 625 is often used in the soft annealed (Grade I) or solution annealed (Grade II) conditions according to the standards ASTM B446 [3] and ASTM B564 [4] . When higher mechanical resistance is necessary, the soft annealed condition is usually selected. In the soft annealed condition, this alloy presents an austenitic matrix with a dispersion of residual M(C,N) type carbonitrides rich in Nb and Ti, and M 6 C and M 23 C 6 types carbides both rich in Mo and Cr (at grain boundaries). Although this alloy is considered fully austenitic without precipitates, it is not entirely stable. After long time heat treatments, or depending upon the thermomechanical process route, microstructural constituents such as MC, M 6 C, M 23 C 6 , Laves, ␥ ′′ phase (Ni 3 Nb), ␦ phase and even some residual amounts of ␥ ′ phase (Ni 3 (Al,Ti,Cr,Nb)) can be generated [2, [5] [6] [7] [8] .
In the metals industry, welding as a manufacturing process is an inevitable step. Consequently, a solid-state joining process having low heat-input is a promising way for joining Ni-based alloys aiming at sound welds. One of the most popular solid-state methods is friction stir welding (FSW) [9] , which has a vast potential to replace traditional fusion welding of Nickel-based alloys, notably if the tool cost and effectiveness are improved.
Different process parameters have been used in FSW of distinct alloys [10] [11] [12] [13] [14] . Kwon et al. [10] reported that friction stir processing produced higher grain sizes in AA 1050 when the tool rotational speed was increased from 560 to 1840 rpm at constant welding speed of 155 mm/min. Sato et al. [11] observed grain sizes of 5.9, 9.2, and 17.8 m in FSW of AA 6063 at tool rotational speeds of 800, 1220, 2450 rpm, respectively being all of them with constant welding speed of 360 mm/min. Wang et al. [12] also evaluated the effect of rotational speed on the microstructure in FSW joints of AZ31 with various rotational speeds (800, 1000, 1200, 1400 and 1600 rpm). Their results indicated that the grain size enhances with the increasing rotational rate. Zhang et al. [13] presented the microstructural characteristics in friction stir welds of Ti-6Al-4V and noted that both the prior grain size and ␣ colony size increase with increasing rotational speed. Gunter et al. [14] analyzed the grain sizes in friction stir processed 304L and found that the weld processed at 80 rpm-50 mm/min had the smallest average grain size (2.8 m), while the specimen produced at 250 rpm-100 mm/min had the largest average grain size (11.4 m). Thus, it can be observed that the changes in FSW parameters, especially the tool rotational speed, were mainly investigated for low melting point alloys.
In any manufacturing process, welding included, residual stress is an important concern. FSW introduces significant levels of residual stresses, even being a relatively fast joining process, which usually takes place below the material's melting point [15] . Excessive residual stress levels can lead to significant distortion and premature failure. For low melting point alloys, the effect of FSW on residual stresses has been analyzed several times [16] [17] [18] [19] [20] [21] [22] . However, the residual stress states in friction stir welds of high melting point alloys, such as alloy 625, were not profoundly evaluated and, therefore, are not totally understood.
This work aims at understanding the residual stresses in friction stir welds of alloy 625. Therefore, these characteristics were investigated by XRD and top surface macro and microstructural observations for different process conditions of tool rotational speed and welding speed.
2.
Experimental procedure
The base material used in this study was an alloy 625 with 3.2 mm thickness, and its chemical composition is presented in Table 1 . This is a typical clad material (internal corrosion protective layer) of API pipelines. The chemical data was given by supplier's certificate according to DIN 17744 09/2002 [23] .
In order to remove oxides and contaminants, the specimens were grinded on the top and adjoining surfaces with grid emery paper. This preparation is an essential step to improve the weld surface quality, but this procedure certainly has influenced the residual stresses [24] . Before FSW, the sheets were degreased and cleaned with ethanol. FSW was carried out on a vertical milling machine fitted with servomotors and automated control systems.
A threaded polycrystalline cubic boron nitride (pcBN) tool with W-Re binder, shoulder of 25 mm in diameter, and pin length of 3 mm was used. The direction of the tool rotational was counterclockwise, and then the left side of the weld bead was called retreating side (RS) while the right side was called advancing side (AS). Finally, to obtain the welded joints, the tool was tilted 1.5 • forward from the vertical axis, and an argon atmosphere was used to minimize surface oxidation during FSW.
Welding Ni-based alloys is not as easy as welding traditional stainless steels due to their high strength at elevated temperatures as well as the propensity to work hardening. Therefore, in the practice of establishing the suitable FSW parameters, four samples have been welded and they were divided into two groups named as follow: high rpm (parameter I and II) and low rpm (parameter III and IV). Table 2 presents the main welding parameters. The rotational speed was changed from 1200 to 200 rpm, welding speed was in the range between 1 and 1.5 mm/s, and axial force was kept constant. In this context, the high rpm conditions presented flash, some top surface signs of oxidation and marks and unacceptable levels of surface roughness. For the low rpm conditions, otherwise, the welded joints displayed homogeneous top surface without much flash and an excellent appearance. Finally, the process parameters range was selected according to our workgroup experience on FSW of stainless steels used in similar engineering applications.
Macro and microstructure observations were done after standard metallographic procedure, which included grinding with abrasive papers, polishing, and etching. The specimens were etched with Glyceregia reagent (10 ml HCl, 10 ml HNO 3 , 0.5 ml of glycerine). The metallographic investigation was performed by OM and SEM. OM analysis was realized in a Zeiss AxioVision A1 microscope. SEM examinations used JEOL JXA8230 scanning electron microprobe.
Mechanical properties were analyzed by microhardness instead of tensile testing due to the lack of penetration observed in the joints. However, this non-complete welded Fig. 1 -GE-Seifert-Charon-M diffractometer with an X-ray tube of Cr-K␣ radiation.
depth was also noted in many other works [25] [26] [27] [28] which can occur due to the high work hardening coefficients of high strength materials [29] . Hence, the microhardness profiles were measured on the top surface using Vickers indentations of 500 g and dwell time of 10 s. X-ray diffraction measurements were performed by GESeifert-Charon-M diffractometer using an X-ray tube of Cr-K␣ radiation (Fig. 1) . The specimens for residual stresses investigations had dimensions of 300 mm × 80 mm × 3.2 mm with the weld centerline located in the center of the 300 mm dimension. Fig. 2 shows a schematic sketch detailing the measurement positions.
XRD experiments were executed with the starting point at the base material (on the RS), passing by the weld centerline and then finishing at base material (on the AS). The diffracted beam slit had an aperture of 2 mm and a 20 • linear detector GEMeteor-1D. Residual stress evaluation used the conventional sin 2 method with Bragg-Brentano Geometry. The slope of a linear regression through the measured data points gives the value of residual stress. The standard deviation of residual stress measurements stems from deviations of X-ray diffraction line positions at 21 different angular positions (-angles) to the calculated regression line. The total measured length was 80 mm. As the size of the incident X-ray beam was 2 mm, the irradiated areas touched each other. Hence, the residual stress levels were extensively examined in two directions (longitudinal and transverse). During the welding, inhomogeneous plastic strains may be introduced into the workpiece [30] . In this way, the full width at half maximum (FWHM) describes second-order stress related to dislocations density distributions. Starting from the XRD results, the FWHM analyzes were done to compare the process parameters evaluated.
3.
Results and discussions
Top surface macro and microstructural features
Fig . 3 presents the alloy 625 base material microstructure. Fig. 3a shows recrystallized grains where it can be observed that the previous austenitic grains of the soft annealing process are well marked by precipitates. In Fig. 3b , it can be observed M(C,N) type carbonitrides rich in Nb and Ti dispersed in the matrix and a large amount of intergranular carbides. Fig. 3c displays the intergranular carbides precipitation indicating two types, i.e., M 6 C and M 23 C 6 usually rich in Mo and Cr, respectively. The identification of these carbides was made by EDS, and their occurrence is expected to this alloy [2, 5, 27, 28, 31] . To p surface macrographs for the four conditions are presented in Fig. 4 . All the joints showed lack of penetration due to the pin being shorter than the material thickness and the wear evolution in FSW trials. FSW using high rpm promoted some debris at the top surface and an irregular aspect. Only few parts of these weld beads showed a consistent appearance (Fig. 4a and b) . The degradation mechanisms of pcBN tool were analyzed [32] and their findings showed that the tool wear behavior changes due to FSW process parameters. As can be seen in Fig. 4c , the parameter III (low rpm) reached a very good top surface appearance and selected as the best weld. Also, this suitable process condition was suggested in the literature [2, 24, 32] .
The material flow and cross-section macrostructures changed as a function of process parameters, and these results were reported in other works [2, 32] . These findings revealed that the welded depth was influenced by the welding parameters as well as the tool wear progress during FSW development to this alloy. Specially for Ni-based alloys, FSW attempts to find the optimized welding parameters and sound welds can be very challenging. In the current study, the FSW application led to the recrystallization and finer grains (Figs. 5 and 6 ). However, it should also be noted that these alloys can keep their mechanical strength even at high temperatures [2, 32] and, therefore, they are difficult to deform as well as to become plastic. These difficulties can also be somehow influenced by their low thermal conductivity [33] [34] [35] .
Ni-based alloys tend to rapidly work hardening [33, 34] which would influence any deformation process applied to them. In this context, Ni-based alloys are generally considered difficult to machine, especially at high cutting speeds [33, 34] . Hence, Fig. 5 shows the friction stir welds processed by higher heat input (high rpm -tool rotational speeds of 1200 and 1000 rpm, respectively) and their heterogeneous macrostructures. It was verified that these welds presented some grains not fully recrystallized in the joint cross section [2] . Therefore, it was more challenging to weld at high rpm (higher temperatures), and these conditions occasioned severe tool wear [32] . On the other hand, the use of low rpm (200 rpm) promoted relatively lower heat inputs and more homogeneous macrostructures [2, 32] (Fig. 6) . Consequently, as for machining Ni-based alloys, it is recommended to use relatively low process temperatures (low rpm in this case) to avoid excessive tool wear and to achieve a suitable weld condition [2, 32] .
Finally, Fig. 5 shows the top surface micrographs of the stir zone for the parameters I and II, which corresponds to higher heat inputs (high rpm). It was found a considerable quantity of porosity and carbides. In this sense, the joint fatigue properties could be deteriorated due to porosities. Besides, the carbides were disposed as inter and intragranular manner in the matrix. Moreover, because of porosity and several carbides observed, it is suggested that high and excessive temperatures were obtained. In other words, local melting occurred and, therefore, temperatures of around 1200 • C were reached.
To p surface micrographs of parameters III and IV are displayed in Fig. 6 . The welded joints made with parameters III and IV (lower heat inputs) showed a top surface microstructure with only few M(C, N) carbonitrides, and it has to be mentioned that these were not found at grain boundaries in an observation by SEM. Therefore, it can be considered that relatively low FSW process temperatures were achieved. In general, as the tool rotational speed decreased (from 1200 to 200 rpm), the grain refinement increased due to greater deformation and effective recrystallization. When the welding speed was altered, from 1 to 1.5 mm/s, the most refined grains were observed. Hence, smallest grains can be achieved by increasing welding speed, which promotes higher cooling rate [25] .
3.2.
Microhardness profiles Fig. 7 presents the top surface microhardness profiles as a function of welding parameters. It can be observed that the weld bead was smaller for the parameters I and II (Fig. 4a and  b) , while the parameters III and IV displayed a large weld bead ( Fig. 4c and d) .
The base material and stir zone microhardness levels ranged between 268-310 HV and 335-385 HV, respectively. However, the microhardness profiles were notably influenced by the process parameters chosen. In general, the grain size reduction was the main responsible for enhanced microhardness, a fact which has been reported by other authors [25] [26] [27] [28] . In this sense, lower tool rotational speeds would promote higher hardness and tensile strengths [36] . Therefore, improved mechanical properties were also reported in friction-stir-welded Ni-based alloys [25] [26] [27] [28] .
As can be noted in Fig. 7 , while the high rpm group of welds presented a microhardness scatter along the weld region, the low rpm group of welds achieved a more homogeneous profile in this zone. Also, parameter II reached the highest microhardness value (385 HV). Still, from the microhardness profiles and microstructural features, it was verified that the parameters I and II led to several carbides locally formed and grain refinement in the stirred zone. Moreover, the hardness difference between the RS and AS for these welds was higher. Nevertheless, considering the parameters III and IV, it can be indicated that the best weld condition (parameter III) is mainly related to grain refinement and not through carbides precipitation. Hence, it is suggested that the friction based processes and their applications to alloy 625 result in superior joint properties with smaller grain size and relatively homogeneous weld microstructures.
X-ray diffraction analyzes of residual stresses
Longitudinal residual stress results can be seen in Fig. 8 , where it can be observed that the base material has relatively homogeneous residual stresses of around −650 MPa. The longitudinal tensile residual stress peak increased for higher tool rotational speeds. In addition, as previously reported in [24] , the tensile residual stresses peak was found in the longitudinal direction. When considering the stirred zone, longitudinal residual stresses are tensile for the parameters I and II (high rpm) with relatively higher values of 150 and 200 MPa, respectively. For the set of parameters III and IV (low rpm), at the same region, the residual stress presented a near zero residual stress state. These residual stresses distributions kept this behavior for distances from −10 to 10 mm. The comparison between parameters I and II and parameters III and IV shows differences up to 200 MPa at the weld centerline. Changing the welding speed from 1 to 1.5 mm/s not significantly modified the residual stresses. Hence, it is evident that the welding parameters set, especially an increase in the tool rotational speed [15] , affects the residual stress magnitude near the weld centerline. Finally, the process asymmetry nature can be recognized for the parameters (I, II, III and IV) by dissimilarities between residual stress states on the RS and AS. Transverse residual stresses are shown in Fig. 9 , where the base material displays residual stresses of around −590 MPa. Moreover, as can be verified, the residual stress peak is almost the same for the parameters I and II (around of 200 MPa). It was also observed that an increase in the tool rotational speed led to higher residual stresses. Previous works have shown this tendency [15] . At the weld centerline, the results showed that decreasing the tool rotational speed from 1200 to 200 rpm consequently changed the residual stress distributions from −100 to −200 MPa. Thus, near the weld centerline, the transverse residual stress distributions are all compressive. It can also be observed in Fig. 9 that the parameters I and II (high rpm) have more significant differences in the residual stress distributions between RS and AS. Therefore, these residual stress profiles are more asymmetric. Hence, it may be related to their temperatures locally reached as well as specific material flows. These results are in a good agreement with the microhardness profile, where the high rpm welds showed a large variation in the microhardness along the weld. On the other hand, for the parameters III and IV (low rpm), the residual stresses between RS and AS sides are only slightly asymmetric, which indicates a more uniform material flow. This smaller difference between RS and AS was also verified in the microhardness distributions. As observed in the longitudinal residual stresses, the variation of welding speed from 1 to 1.5 mm/s has not promoted higher modifications in the residual stress levels.
The FWHM analyzes of XRD peaks shows a different micro residual stress state due to the stress relaxation occasioned in FSW. Therefore, the FSW thermal and deformation gradients affected the FWHM distribution. The base material showed a FWHM of 2.75 • which narrowed significantly for the stirred zone. Consequently, the recrystallization and finer grains led to an FWHM of approximately 0.8 • , as can be observed in Fig. 10 . However, even having different material flow and microstructures, all the joints possessed a similar tendency and peak breadth value in the weld zone, as noted elsewhere [22] .
Furthermore, the comparison between the base material and the set of parameters I and II shows some changes in FWHM after ±20 mm distance from the weld centerline (on the RS). Also, the assessment between the base material and the welds produced by the parameters III and IV displays no considerable differences after ±20 mm distance. Hence, based on these findings, it is noted that FSW can modify the initial FHWM base material magnitude.
Alloy 625 base material has a relatively homogeneous residual stress distribution as well as FWHM magnitude even presenting several carbides on its microstructure. Thus, these residual stress findings are mainly related to its previous manufacturing process (rolling and soft annealing). Since FSW is an asymmetric thermomechanical process, it was expected that both RS and AS would have different residual stress states. Therefore, the residual stress distributions changed as a function of the tool rotational speed and the welding speed. Moreover, the clamping system, frequently used in FSW, may exert an effect in the residual stresses [16] . Besides, the abrasive cleaning process employed before welding may also have influenced the residual stresses [24, 37] . In addition, many characteristics of FSW such as severe plastic deformation (SPD), recrystallization and grain refinement play an import role in the residual stresses of friction-stir-welded alloy 625. Finally, it was interestingly seen that the weld corresponding to the parameter III (low rpm), which achieved the best top surface appearance, presented the lowest residual stress in the stirred zone.
Conclusions
The present study was focused on characterizing the influence of process parameters on residual stress distributions of friction-stir-welded alloy 625. Therefore, the findings of the current investigation can be overviewed as follows:
• The base material microstructure was composed by M(C,N) carbonitrides, M 6 C and M 23 C 6 carbides. The welds made at high rpm (1200 and 1000 rpm) presented refined grains, high quantity of carbides as well as porous formed in the weld zone which indicates that excessive temperatures were reached. On the other hand, generally, the welds made at low rpm (200 rpm) showed the smallest grains, more homogenous microstructures and microhardness profiles, and only few M(C, N) carbonitrides in the stirred zone (observed by SEM). Hence, it can be assumed that the low rpm conditions achieved relatively low process temperatures enough to promote effective recrystallization and sound welds.
• The tool rotational speed considerably affects the residual stresses in the weld zone. For high rpm welds, higher differences between the residual stress states of RS and AS were observed. On the other hand, for low rpm welds, the residual stress of RS and AS only slightly changed. The weld which presented an excellent top surface quality (parameter III, 200 rpm) achieved the most compressive residual stress (−240 MPa) in the stirred zone. Overall, in general, decreasing the tool rotational speed promoted lower residual stress in the stirred zone and adequate joints. Otherwise, increasing the tool rotational speed led to more tensile residual stresses at the weld centerline and unacceptable joints. Lastly, the change in welding speed, from 1 mm/s to 1.5 mm/s, does not cause higher variations in the residual stresses.
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